INTRODUCTION
The distribution and dynamics of proteins in living cells can provide important clues as to their function and regulation. The most common and successful method for real-time visualization and tracking of proteins is to use translational fusions with fluorescent proteins. [1] [2] [3] Such studies have revolutionized our understanding of dynamic and complex processes in living cells. However, proteins undergo dynamic changes in their subcellular distribution and interactions throughout the cell cycle, which often alter their regulatory or enzymatic activity. The analysis of such cell cycle dependent changes in living cells have been hampered by the lack of suitable markers that allow identification of the various cell cycle stages.
Here we develop and demonstrate the use of a DNA replication factor, DNA Ligase I, fused to the DsRed1 fluorescent protein (RFP-Ligase), as a marker to follow cell cycle progression in living cells. Using RFP-Ligase as a live cell cycle marker, we followed the dynamic distribution of the maintenance DNA methyltransferase Dnmt1 throughout the cell cycle. Based on the characteristic sub-nuclear localization of Dnmt1 at different cell cycle stages, we further propose here the combination of fluorescent protein fusions with Dnmt1 and DNA Ligase I, or immunostaining these endogenous proteins, as a simple strategy to directly identify all cell cycle stages in live or fixed cells.
MATERIALS AND METHODS
Construction of plasmids encoding the fusion proteins. An expression plasmid encoding a translational fusion of Dnmt1 with GFP was made by sub-cloning the KpnI/XmaI fragment of pEMT 4 containing the mouse Dnmt1 ORF into pEGFP-C1 (Clontech) cut with the same enzymes. The RFP-Ligase expression vector was made by sub-cloning the Xho I/Sac II fragment of peGFP-Ligase 5 containing the human DNA Ligase I cDNA into the same sites of pDsRed1-C1 (Clontech). Transcription is driven by the cytomegalovirus immediate-early enhancer-promoter. All plasmid constructs were made using standard cloning techniques.
Cell culture, transfection and Western blot analysis. Mouse C2C12 myoblasts 6 and monkey COS-7 cells (ATCC) were cultured in DMEM supplemented with 20% and 10% FCS, respectively.
C2C12 cells were transfected with plasmid DNA using the calcium phosphate-DNA coprecipitation method followed by a glycerol shock as described before 5 and incubated overnight before immunostaining or live cell microscopy.
COS-7 cells were transfected using Polyfect reagent following the instructions of the manufacturer (Qiagen). After 48-72 hrs of transfection, cells were washed in PBS, harvested and extracted in Laemmli sample buffer (2% SDS, 20% glycerol, 250 mM Tris-HCl pH 6.8, 10% β-mercaptoethanol, 0.1% bromophenol blue) by boiling at 100˚C for 5 min. Proteins were separated by SDS-PAGE and Western blot analysis was done using standard protocols.
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BrdU labeling of replication foci and immunofluorescence microscopy. For detection of RF, cells grown on coverslips were incubated in medium with 100 µM BrdU for 15 min (pulse labeling). The cells were then washed two times with PBS and fixed with 3.7% formaldehyde in PBS. Cells were permeabilized with 0.25% Triton-X-100 for 10 min followed by wash with PBS. Nonspecific binding of antibodies was prevented by blocking in 0.2% fish skin gelatin (FSG) for 30 min. Cells were then incubated with mouse monoclonal anti-BrdU antibody (Becton-Dickinson) with or without rabbit anti-DNA Ligase I affinity purified antibody 5 for 1 hr at 37˚C. The primary antibodies were diluted in a buffer containing 0.2% FSG, 20U/ml DNase I (Boehringer Mannheim), 0.5 mM β-mercaptoethanol, 0.33 mM MgCl 2 , 33 mM Tris-Cl pH 8.1. Cells were then washed with 0.1% NP40 in PBS followed by incubation with anti-mouse IgG-FITC and anti-rabbit IgG-TR conjugated secondary antibodies (Jackson Immuno Research) at room temperature. The DNA was counterstained with Hoechst 33258.
Stained cells were analyzed using a Zeiss LSM 510 Meta confocal microscope equipped with a 63x/1.4 NA Plan-Apochromat objective. Ar-laser (488, 514 nm), HeNe-laser 1 (543 nm) and HeNe-laser 2 (633 nm) were used to excite the fluorophores. Hoechst 33258 counterstained nuclei were analyzed on an Axioplan 2 widefield epifluorescence microscope and images acquired with a cooled CCD camera (SensiCam) using Zeiss Axiovision software and appropriate filter sets (Fig. 1C and D) .
Live-cell microscopy. Live cell analysis was performed by plating the cells on 40 mm glass coverslips before transfection. One day after transfection, the coverslip was mounted onto the microscope stage and maintained at 37˚C using a FCS2 live-cell chamber and temperature controller (Bioptechs) as described before. 7 For time lapse analysis, images were acquired with a Zeiss LSM 510 Meta confocal microscope using the 488 nm and 543 nm laser lines of an Argon ion laser at low power (1-5%). Four z-sections at 1 µm interval were www.landesbioscience.com
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RESULTS AND DISCUSSION
We have previously shown that DNA Ligase I fused to GFP associates with sites of DNA replication (termed replication foci, RF) during S phase. 5 We now fused DNA Ligase I with DsRed1 (RFP-Ligase) for application as a live cell cycle marker in conjunction with proteins fused to GFP. The protein expressed in mammalian cells (COS-7 cells) was checked first by western blot analysis using anti-DNA Ligase I antibodies and showed the expected relative size (Fig. 1A) We then characterized the subnuclear localization of RFP-Ligase in formaldehyde fixed mammalian cells. Mouse myoblast cells (C2C12) were transfected with the RFP-Ligase expression plasmid and showed in S phase cells punctate patterns of RFP-Ligase that colocalize with BrdU labeled replication foci (Fig. 1B) . In cells that do not incorporate BrdU (non-S phase cells), RFP-Ligase showed a diffused nuclear distribution and was excluded from the chromatin during mitosis (Fig. 1C  and D) . This dynamic subnuclear localization pattern of RFP-Ligase mimics endogenous DNA Ligase I (Fig. 1B-D) . 5 Moreover, RFP-Ligase, like the endogenous DNA Ligase I, allows further subdivision of early-, mid-and late-S phase based on the typical subnuclear RF patterns ( Figs.  1 and 2) . 7, 8 We utilized the dynamic subnuclear localization pattern of RFP-Ligase to directly identify each of the cell cycle stages in live cells. Cells in G 2 phase can be identified by following their exit from S phase, which is visible as change from punctate to dispersed nuclear distribution of RFP-Ligase. By following mitotic cells that can easily be distinguished by their typical morphology, we identified cells that enter G 1 phase and show diffused RFP-Ligase. Similar results were obtained using other mouse cell types as well as human cells (data not shown). Thus, using this simple strategy we could unequivocally directly identify in situ all the cell cycle stages (Fig. 2) .
We exploited this RFP-Ligase S phase marker to investigate the cell cycle dependent subnuclear distribution of the maintenance DNA methyltransferase (Dnmt1) fused to GFP in live mouse myoblast cells. We found that Dnmt1 associates with sites of DNA replication during S phase as described before. 9 Unlike DNA Ligase I and other replication proteins, however, Dnmt1 is retained preferentially at late replicating centromeric heterochromatin during G 2 and M and is dispersed in the nucleus during G 1 . 10 This different distribution in G 2 of GFP-Dnmt1 (focal) and RFP-Ligase (dispersed) can now be used to differentiate between G 1 and G 2 phases in fixed cells as well as in snapshots of live cells without having to follow transitions through S or M phases (Fig. 2) . Thus, at any given time, the current cell cycle phase can clearly be deduced from the distribution of these two proteins. This can be done either by expressing fluorescently tagged proteins (as shown here) or in untransfected cells by costaining with antibodies to Dnmt1 and DNA Ligase I (data not shown). Furthermore, other replication factors like PCNA can be used instead of DNA Ligase I since they show a similar subnuclear S phase distribution. 7 This marker combination provides a precise and direct in situ method to identify all cell cycle stages. The ability to directly identify all the subdivisions of the cell cycle in live (as well as fixed) cells, opens up new experimental approaches to directly study cell cycle dependent processes and related changes in protein dynamics in living cells.
